An elemental analysis was performed on 30 Korean and Chinese kimchi samples in combination with strontium (Sr) isotope ratio measurements to develop a method for tracing the geographic origins of Korean and Chinese kimchi. We found a distinct difference between Korean and Chinese kimchi in such specific elements as K, Na, Ca, Ba, Sr, Zn, Li, and Sc, but no significant difference in the Sr isotope ratio. A comparative analysis was performed with washed kimchi (containing no submaterial) and unwashed kimchi to evaluate the effect of submaterials on the determination of geographic origin. A linear discriminant analysis provided a clear distinction between Korean and Chinese kimchi. The results indicate that combining multi-elemental and statistical analyses has the potential to determine the geographic origins of such processed food as kimchi.
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Food authenticity and traceability have attracted considerable attention during the past decade. 1, 2) Of the available analytical methods for determining the geographic origin of agricultural products, analyses of trace elements and strontium (Sr) isotopes accurately reflect the soil type and environmental conditions of the agricultural production area. [3] [4] [5] Trace elements are also influenced by climatic factors and such anthropogenic factors as agricultural practices (e.g., fertilizer and pesticide use) and environmental pollution. 6, 7) Analytical methods based on trace elements and Sr isotopes have consequently been very useful for determining the geographic origins of foods. 7) When attempting to determine the geographic origins of agricultural products by using a trace element analysis, it is important to select elements that are appropriate for the research objective. 7) Various elements and Sr isotopes have been used to this end; 8) however, when specific agricultural products are grown in geologically similar locations, such studies alone may not be sufficient. In addition, secondary contamination by specific elements may occur during the sample treatment process. 8) It is thus essential to select elements that are less affected during such processes when attempting to distinguish between the geographic origins of foods. Such lithophile elements as K, Ca, Mg, and Sr are not easily influenced by climatic and anthropogenic factors and are considered good markers for tracing geographic origins. 9) Kimchi is a representative fermented Korean food, the cabbage type being the most popular. Kimchi has attracted global attention as a multifunctional health food that is rich in vitamins and inorganic materials. 10) However, a sudden increase in cabbage prices in Korea in 2010 resulted in greatly increased imports of cabbage and kimchi from China, and cheap kimchi from China is now being sold as authentic Korean kimchi in Korean markets. Developing an analytical technique to distinguish between the two types of kimchi has therefore become an important objective in Korea. 10) It has proven difficult to identify the geographic origin of kimchi based solely on morphological and even genetic factors. One difficulty is that kimchi contains various sub-materials mixed with cabbage, including radish, garlic, onion, red pepper powder, ginger, and salted seafood. In addition, the possibility of secondary contamination during the kimchi production process further complicates the situation.
No previous study has used multiple elements and Sr isotopes to trace the geographic origin of kimchi. The present study therefore developed a method combining multi-elemental and Sr isotope analyses for discriminating between Korean and Chinese kimchi. Original unwashed and washed kimchi samples were compared to examine the effect of sub-materials on determining the geographic origin.
Materials and Methods
Sample preparation. A total of 15 Korean kimchi samples were collected for the study; 12 were produced by Korean food companies, and 3 were directly prepared by us using Korean cabbage. Fifteen Chinese kimchi samples of known geographic origin were obtained from the Central Customs Laboratory and Scientific Service of the Korea Customs Service. The Chinese kimchi contained cabbage from Qingdao (10 heads), Weihai (2 heads), Wendeng (1 head), and Angu (1 head) in Shandong province, and Benxi (1 head) in Liaoning province. The geographical origin of each sample was thus authenticated.
Two types of sample were prepared to examine the effects of submaterials: original unwashed kimchi containing all sub-materials, and washed kimchi. The latter was prepared by rinsing the original kimchi in flowing water for more than 5 min to sufficiently remove all visible sub-materials, before washing in distilled water (>18 M) more than five times. Each of the washed kimchi samples was then placed in a 500-mL glass beaker, and distilled water was added until the sample became completely submerged. This was next left standing in the laboratory for approximately 24 h at room temperature to sufficiently y To whom correspondence should be addressed. Fax: +82-43-240-5319; E-mail: kslee@kbsi.re.kr remove all salt from the cabbage. All samples were then dried in an oven, and each of the completely dried samples (about 3 g) was finely ground and finally stored in a vacuum oven prior to being analyzed.
Analyses of the major and trace elements. Approximately 0.5 g of each kimchi sample prepared as just described was accurately weighed and placed in a 60-mL Teflon bottle (Savillex, Minnetonka, MN, USA), to which 6 mL of purified nitric acid was added, and the resulting solution was boiled on a hot plate (about 200 C). Most of the acid was evaporated, and the residue was allowed to cool to room temperature. The residue was then mixed with 4 mL of nitric acid and 1 mL of perchloric acid, and this mixture was heated on a hot plate (about 150 C). After the solution had evaporated, 1% nitric acid was added to each dry and solid sample until the final weight of the solution was approximately 20 g. Each sample was subjected to elemental measurements with an inductively coupled plasma atomic emission spectrometer (ICP-AES; Optima 4300DU, Perkin Elmer, Waltham, MA, USA) and an ICP mass spectrometer (ICP-MS; X7, Thermo Electron, Cambridge, UK) at the Korea Basic Science Institute (KBSI), according to the content of the measured elements.
Sr isotope ratio analysis. An ion-exchange method was used to purify Sr from the samples by effectively removing the rubidium (Rb) fraction.
11) The Sr isotope ratio of each prepared sample was measured with a multi-collector ICP-MS instrument (MC-ICP-MS; Neptune, Thermo Finnigan, Bremen, Germany) at KBSI. Mass fractionation was corrected by using 86 Sr/ 88 Sr ¼ 0:1194: The measured value of NBS 987 (US National Bureau of Standards), a standard reference material measured together with the sample, was 0:710242 AE 0:000003 (n ¼ 30, AE2 SE) with a background value < 0:1 ng.
Statistical analysis. The multi-element concentrations of the unwashed and washed kimchi samples from the two countries were compared by using an independent two-sample t-test (p < 0:05), assuming homogeneity of variance. To validate the potential of chemometrics to discriminate between the origins of the kimchi samples, the elemental composition of each was subjected to a multivariate analysis, principal component analysis (PCA, Pearson's ntype), and linear discriminant analysis (LDA, stepwise-forward). Only those elements that were potential descriptors with p < 0:05 were selected for the multi-variate analysis. Before running the multi-variate analysis, the elemental composition was log-transformed, based on a test of normality (Shapiro-Wilks test) and homoscedasticity (Leven's test ! 0:05) for normalizing and equalizing the variance. All analyses were performed with XLStat-Pro in MS Excel (Addinsoft, New York, NY, USA).
Results and Discussion
Determining the geographic origin of kimchi based on multiple elements
The results of all elemental analyses are shown in Table 1 . There were observable differences between the Korean and Chinese kimchi for some elements (K, Ca, Fe, Li, Sr, Zn, Sc and Pb), these being presented as box-and-whisker diagrams by geographic origin in Fig. 1 .
The following elements differed according to their geographic origin: K, Na, Ca, Ba, Sr, Zn, Li, and Sc ( Fig. 1 ). In addition, minor differences were apparent among Mg, Fe, Mn, As, Rb, Cd, and Pb. Differences were also found between the washed and unwashed kimchi samples (Table 1) . Specifically, in the case of unwashed kimchi, the Korean samples showed higher values for K and Zn than did the Chinese samples. However, such other elements as Ca, Sr, Li, and Sc had the opposite predominance. Although washed kimchi from both countries had lower levels of most elements, the levels of Ca, Ba, Sr, and Zn were higher. This was attributed to the contents of these elements being higher in the sub-materials than in the cabbage itself. In particular, it can be concluded that evaluating such elements as Ca and Sr, which belong to the group IIA alkaline earth metals of the periodic table, allowed for a relatively good distinction between the two geographic regions.
Kimchi is produced by a complicated process; thus, an approach that excludes secondary indicators is necessary. The analysis of lithophilic elements fortunately revealed distinct differences between the origins; of these, K and Li of group IA, as well as Ca and Sr of group IIA, allowed for a relatively clear distinction between the two types of kimchi (Fig. 2) .
Determining the geographic origin of kimchi based on the Sr isotope ratio
The Sr isotope ratio generally reflects the geological characteristics of a plant growing in a specific area and has proven useful for identifying the geographic origin of an agricultural product. 9, [12] [13] [14] [15] However, it is difficult to distinguish between the origins of samples from geologically similar areas by using this method.
7)
The results of the Sr isotope ratio analysis showed no distinct difference between the Korean and Chinese kimchi samples (Fig. 3) . In contrast, a significant difference was apparent between the washed and unwashed kimchi samples, probably due to the presence/absence of salt with a potentially very high Sr content. Although Chinese kimchi showed a slightly lower range of Sr isotope ratios than did Korean kimchi, no clear distinction could be made between the two regions. A similar result has been obtained from cabbage samples cultivated in Korea and China. 16 ) Fig. 1 . Box-and-Whisker Diagrams of the Elements for Which Distinct Differences Were Found between the Two Geographic Origins. The Sr isotope ratios did not significantly differ between washed and unwashed kimchi, except for a few samples (Fig. 3) . This may indicate that the Sr isotope ratio of a processed food such as kimchi is influenced more by the main material (cabbage in the case of kimchi) than by the sub-materials. A similar characteristic has been found by Brunner et al., 17) who reported that the Sr isotopic composition of processed spices was not affected by the production process, and also by Fortunato et al. 14) who reported no difference in Sr isotope ratios between two types of Emmental cheese (casein-bound cheese and whole cheese).
Determining the geographic origin of kimchi by a statistical analysis
Principal component analysis (PCA) PCA was applied to use the elements as better descriptors for discriminating between the two types of kimchi. The five principal components generated accounted for 82.06% of the total variability (Table 2) . Clustering was apparent when only the first two components were considered (Fig. 4) . Examining the component factor loadings illustrated that the first component was strongly governed by K and Fe and less strongly by Ca, Cd, Cu, As, and S, thus explaining 31.10% of the total variance. The second component explained 20.40% of the total variance and was strongly influenced by Sc, Li, and Zn. The third component (12.47%) was predominantly affected by As, Cu, and Zn, whereas the fourth component was defined by only S and Li. However, the squared cosine values for the loading factors revealed that the first component axis was a manifestation of K, Fe, Ca, Cu, and Cd, whereas the second axis was linked to Sc, Li, and Zn, the third only to As, and the fourth to S.
Linear discriminant analysis (LDA)
Rao's approximation for Wilk's lambda test p < 0:0001 (Wilk's ¼ 0:004; F ¼ 21:71; df ¼ 33, 130) demonstrated the efficiency of discriminating kimchi by its country of origin among the different groups. According to the discriminant plot, the two discriminant axes, DF1-63.92% (Eigen value of 14.11) and DF2-31.18% (Eigen value of 6.88), correctly classified 95.10% of the samples (Fig. 5) . Only the first two discriminant functions together could therefore explain most of the discrimination between the countries (for both washed and unwashed kimchi). LDA illustrated that both the washed and unwashed Korean samples formed a cohort that was well separated from the Chinese samples. The LDA results underscore the discrimination efficiency of chemometrics for evaluating the geographic provenance of kimchi. Posterior probabilities generated by considering the prior probabilities through Bayes' formula, together with descriptor variable group mean or centroid values, indicated that each kimchi sample was correctly classified into a designated group.
According to the confusion matrix (Table 3) , the prediction represented a total recognition ability of 96.55%; i.e., 96.55% of the samples were correctly reclassified between Korea and China. The Korean samples were classified with maximum possible accu- Chinese kimchi showed a slightly lower range of distribution than did Korean kimchi, although no significant difference was apparent between the two geographic origins. Numbers in parentheses represent the number of samples analyzed. Values in bold correspond for each variable to the factor for which the squared cosine is the largest. racy (100%) when compared to those from China (92.86%). Diagonal arrangement of group percentages describing the percentage of correct classifications (hit ratio) showed that all 15 samples of unwashed and washed Korean kimchi were correctly reclassified into the a priori designated group. Overall, no significant reclassification of samples occurred between countryspecific kimchi samples. One Chinese washed kimchi sample was misassigned to Korean washed kimchi. Stepwise addition of each element at a time as a descriptor into the model lowered Wilk's values close to zero (p < 0:0001), and each stepwise addition of element decreased, indicating that the group means of the variables were significantly different. Among all the elements, K, Ca, Zn, Li, Sc, and Fe (all of which had low and high F ratios) were the best for discriminating between samples.
Conclusions
Kimchi is a common Korean fermented food, the cabbage type being the most popular. The analytical results of multi-elements and Sr isotopes were combined with a multi-variate statistical analysis as a method for discriminating between Korean and Chinese kimchi samples. The results of the elemental analysis shows that there were distinct differences between the Korean and Chinese samples in respect of the following elements: K, Na, Ca, Ba, Sr, Zn, Li, and Sc. Such lithophilic elements as K, Ca, Sr, and Li also differed between the two geographic origins. LDA using 11 variables clearly discriminated unwashed and washed Korean kimchi from unwashed and washed Chinese kimchi. The original unwashed and washed kimchi samples were compared to examine the effect of kimchi sub-materials on the determination of geographic origin. The results indicate that there is no need to remove sub-materials for tracing the geologic origin of kimchi. 
